If attention is divided during learning, memory suffers. Nevertheless, individuals can learn information with divided attention. This event-related functional magnetic resonance imaging (fMRI) study (n ϭ 17) investigated what neural processes support (1) learning with divided attention and (2) retrieval of information learned with divided attention. Participants encoded words (Is the word abstract or concrete?) while performing an auditory discrimination task (press a button whenever an auditory pattern changes). The auditory task was easy or hard, depending on the similarity of the patterns. A behavioral study indicated that detailed ("recollective") information was more likely to be present for words encoded with the easy versus the hard concurrent task. Words encoded with the hard versus the easy concurrent task, in contrast, were more likely to rely on less detailed ("familiarity"-based) information. fMRI revealed encoding-related activation in the left prefrontal cortex (PFC) and left hippocampus that was linked to successful memory formation only for items encoded with the easy task. In contrast, activation in the right PFC and left parahippocampal gyrus was linked to successful memory for all items. Thus, successful encoding with the hard concurrent task was supported by a subset of the regions recruited for successful encoding with the easy task. The neural processes recruited for successful retrieval also depended on the encoding condition: The left PFC was disproportionately recruited for retrieval of items encoded with the easy task, whereas the right PFC was disproportionately recruited for retrieval of items encoded with the hard task. These findings may reflect left-sided specialization for recollective memories and right-sided specialization for familiarity-based traces.
Introduction
The term "divided attention" refers to an experimental paradigm in which participants learn information while performing a concurrent task that is easy (taking few resources from the encoding operation) or hard (shifting resources from the encoding operation). [We remain neutral as to whether the divided attention manipulation at encoding taxes a general attention system or a working memory system (or these two systems may be equivalent).] Participants' memory is worse for items encoded with a hard than with an easy secondary task (Baddeley, 1984; Craik et al., 1996; Naveh-Benjamin et al., 2000a,b) . Positron emission tomography (PET) studies using a divided-attention paradigm found less activation in regions of prefrontal cortex (PFC) with performance of a hard secondary task versus an easy one (Shallice et al., 1994; Fletcher et al., 1995 Fletcher et al., , 1998 Anderson et al., 2000; Iidaka et al., 2000) . The PFC regions in which activation was affected are those that have been linked to episodic encoding (Fletcher et al., 1998; Wagner et al., 1998; Kirchhoff et al., 2000; Paller and Wagner, 2002) . These regions may have shown greater activation during encoding with the easy versus the hard task because some encoding-related processes were not performed with concurrent performance of a hard secondary task (Shallice et al., 1994; Fletcher et al., 1995; Iidaka et al., 2000) .
Despite evidence that encoding processes are disrupted by divided attention, individuals can successfully encode some information while performing a hard secondary task. This finding raises the following question: What neural substrates support successful memory formation when resources for encoding are reduced (i.e., during concurrent performance of a hard task)? [The requisite blocked design of PET prevented investigation of this issue. The event-related functional magnetic resonance imaging (fMRI) design of this study allows correlation of single events during encoding with later retrieval, thus providing a way to address this question.] One possibility is that the same regions that are usually implicated in successful memory formation (Brewer et al., 1998; Fernandez et al., 1999; Wagner et al., 1999; Kirchhoff et al., 2000; Fernandez and Tendolkar, 2001; Otten and Rugg, 2001; Paller and Wagner, 2002) continue to support successful encoding during performance of a hard concurrent task. An alternate option is that only a subset of the regions that typically support successful encoding continue to do so during performance of a hard task.
To understand why this second option could occur, consider that individuals can form two kinds of memories: (1) vivid, detailed memories that they can "remember" or "recollect," or (2) memories that lack detail and provide only a feeling that the item was presented (sense of "knowing" or "familiarity") (Mandler, 1980; Tulving, 1985; Jacoby, 1991; Gardiner and Java, 1993; Yonelinas, 2002) . Formation of vivid, "recollective" memories is thought to require more attention than formation of less detailed traces; thus, divided attention may disproportionately affect the encoding of detailed memories (Yonelinas, 2001 (Yonelinas, , 2002 . [Shallice et al. (1994) and Fletcher et al. (1995) have proposed that divided attention may disrupt the ability to form explicit memories, while allowing formation of implicit memories.] Activation in the subset of brain regions that allows less detailed memory formation may relate to successful encoding even with divided attention, whereas activation in regions that support detailed memory formation may not.
If divided attention qualitatively alters the memories formed, then the divided attention manipulation could affect not only the neural processes recruited for successful memory formation but also those recruited for successful retrieval. Retrieval of detailed, recollective memories may rely more on the left PFC (Johnson et al., 1997; Nolde et al., 1998a,b; Henson et al., 1999a,b; Rugg et al., 1999) and the hippocampus (Eldridge et al., 2000; Davachi et al., 2001) , while retrieval of familiarity-based memories may rely on the right PFC (Henson et al., 1999a,b; Eldridge et al., 2000) and the parahippocampal gyrus (Strange et al., 2002; Davachi et al., 2003) . Therefore, we hypothesized that the left PFC and left hippocampus would be disproportionately recruited for retrieval of words encoded with the easy concurrent task, whereas the right PFC and left parahippocampal gyrus would be disproportionately recruited during retrieval of words encoded with the hard concurrent task.
Materials and Methods

Behavioral companion study
To confirm that the difficulty of the secondary task at encoding affected the amount of detail that could be retrieved, we conducted a behavioral study outside of the scanning environment.
Participants. Participants in this experiment comprised 24 young adults (12 women). They were matched to participants in the imaging study by age (20 -35 years of age; mean, 26.4) and education level (14 -18 years; mean, 16.3) .
Encoding. The stimuli were 480 words, with written frequencies ranging from 10 to 100 (Kucera and Francis, 1967) . They were presented one at a time in Geneva 48 point font, using MacStim (David Darby, WhiteAnt Occasional Publishing, West Melbourne, Victoria, Australia). Stimulus words were divided into four encoding runs, each with 120 words.
Participants completed two encoding tasks, each followed by a retrieval task. In the encoding task, participants saw words for 2 sec each and rated each word as abstract or concrete by pressing a button with their right middle or ring finger, respectively. Because we wanted the behavioral encoding task to be identical to that performed in the scanner, fixation crosses were interspersed pseudorandomly between the words. Participants made no response when fixation occurred.
In addition to making the abstract-concrete decisions, participants simultaneously performed an auditory discrimination task. For this task, 1.5 sec auditory patterns (created using Sound Edit; MacroMedia, Inc., San Francisco, CA) were presented continuously as people rated words and also when they viewed the fixation crosses. The participants' task was to listen to these patterns and to press a button with their left index finger every time a sound pattern changed from pattern A to pattern B (or from B to A). The difficulty of the auditory discrimination task was related to the similarity of auditory patterns A and B. In the easy version of the task, the two auditory patterns were rhythmically distinct and thus easy to discriminate. In the hard version, the patterns were rhythmically similar and hard to discriminate. Participants were given an instructional cue as to whether the secondary task would be easy or hard, and that task version continued for 30 sec, until the next instructional cue (Fig. 1) .
Retrieval. After each of the encoding tasks, participants performed a recognition task with 72 previously presented words and 48 nonpresented words. Pilot data suggested that with this breakdown, participants responded that approximately one-half of the stimuli were presented previously. Participants were asked to indicate via button press whether they (1) "remembered" the word from the encoding list, (2) "knew" the word was presented previously, or (3) thought the word was "new" (nonpresented). A "remember" response indicated that participants had a vivid memory of the presented item, whereas a "know" response indicated that participants lacked a specific memory of the presentation of the item but sensed that it had been presented recently (Tulving, 1985; Jacoby, 1991) .
Data analysis. Data were analyzed in two ways. First, we calculated the corrected recognition scores (percentage of remember hits Ϫ percentage of remember false alarms or percentage of know hits Ϫ percentage of know false alarms). Second, we computed recollection and familiarity scores as suggested by Yonelinas et al. (1998) . These scores take into account the fact that the probability of making a know response to a presented word is constrained by the number of remember responses made to presented words, because participants were instructed to give a know response to items that are familiar and not recollected. Analyses consisted of repeated-measures ANOVA with secondary task type (easy, hard) and memory strength (remember, know; recollection, familiarity) as within-subject factors, and subsequent t tests. All reported p values are two-tailed.
fMRI study
Having confirmed in the behavioral study that the manipulation of secondary task difficulty affected overall memory as well as the richness of the memory traces formed, we then examined what effect this manipulation of secondary task difficulty would have on the neural processes underlying successful encoding and retrieval.
Participants. The participants comprised 22 right-handed, native English speakers. Five participants were excluded because of scanner malfunction (one man, one woman), sound presentation failure (one man), or excessive head movement (one man, one woman). The remaining 17 participants (nine men, eight women) were 20 -35 years of age (mean age, 26.1) with 14 -18 years of education (mean, 16.0 years). Participants were screened to exclude those with any history of neurological or psychiatric disorder, and no participants were taking centrally acting medications.
General methods. Before entering the scanner, participants performed a practice encoding and retrieval run. Once in the scanner, they completed an additional short practice run to allow familiarization with the presentation of the sound patterns via headphones. Participants were scanned during three encoding and three retrieval runs.
Encoding. The encoding task was identical to that described in the behavioral study. Each encoding run included 12 30 sec pseudoblocks; each pseudoblock consisted of 10 words, each presented for 2 sec. The times of the word onsets were jittered with fixation crosses to allow for optimal accuracy and efficiency of estimation of the hemodynamic response to each stimulus . We used the optseq program Figure 1 . The instruction frame and first 8 sec of a representative encoding pseudoblock. A 2 sec instruction frame indicated the encoding task (classify words as abstract or concrete) and difficulty of the auditory discrimination task (easy or hard). Words were presented for 2 sec each and were pseudorandomly intermixed with fixation crosses. Sound patterns played throughout the pseudoblock, and participants pressed a button when they noted that the sound pattern changed (e.g., from pattern A to pattern B).
(part of the FS-FAST analysis tools; http://surfer.nmr.mgh.harvard.edu/ optseq, written by D. Greve, Charlestown, MA), which determines stimulus optimization (i.e., the optimal word onsets) given the repetition time (TR), number of event types, time per event type, and number of acquisitions. A description of the calculations used in the development and implementation of this stimulus optimization program can be found in previous publications (Burock et al., 1998; Dale, 1999) .
Although task type was blocked (i.e., participants performed either the hard distractor task or the easy distractor task for 30 sec periods), we could still resolve the hemodynamic response associated with each individual item because the items were jittered with fixation (Burock et al., 1998; Dale, 1999) . Therefore, the analysis of the data was event-related.
Retrieval. A recognition run followed each encoding run. Each recognition run included 120 words, with 60 fixation points pseudorandomly intermixed to provide jitter. Across the recognition runs, 108 words had been encoded in the easy discrimination condition (one-half retrieved in the hard condition; one-half retrieved in the easy condition); 108 had been encoded in the hard discrimination condition (one-half retrieved in the hard condition; one-half retrieved in the easy condition); and 144 new words were pseudorandomly intermixed (one-half in the easy condition). The order of the encoding-recognition runs was counterbalanced across the participants.
Control experiment. In a control experiment, nine young adults (six males, 18 -30 years of age) performed only the auditory discrimination task (without the encoding or retrieval tasks). As in the main experiment, an instructional cue informed the participants whether the task would be easy or hard, and the tasks were presented in 30 sec blocks. In addition, there was a "no task" condition, which served as the baseline. Throughout all task conditions, participants viewed a fixation cross on the screen in addition to monitoring the sound patterns. The critical comparison was between the hard task and the easy task conditions.
Scanning protocols. Imaging was performed on a Siemens (Erlangen, Germany) Allegra 3 Tesla head-only MRI scanner with a 36 cm inner diameter asymmetric gradient coil. Head motion was minimized using pillows and foam padding around the head. For each participant, 2 magnetization-prepared rapid acquisition gradient echo structural scans optimized for gray/white contrast were collected to provide detailed anatomical information. After the structural scans, a series of echoplanar functional scans was collected to provide images sensitive to blood oxygen level-dependent (BOLD) contrast. Functional T2*-weighted images were acquired using a single-shot echoplanar sequence (tau, Ϫ25 msec; echo time, 30 msec; TR, 2000 msec; 3.13 mm in-plane resolution; 5 mm slice thickness; no skip). Slices were aligned along the anterior commisure/ posterior commisure line. Each scan lasted 6 min and 24 sec, during which 92 images were acquired in an interleaved manner for each of 22 axial slices.
Data analysis. Data were motion corrected using the Analysis of Functional Neuroimages motion correction algorithm (Cox and Jesmanowicz, 1999) . We excluded participants whose motion exceeded two functional voxels. We conducted analyses both with and without global signal intensity normalization. The results did not differ qualitatively; we therefore report the normalized data here.
We used selective averaging and deconvolution of the BOLD signal. The BOLD signal was modeled as a linear combination of hemodynamic responses, offset, and trend embedded in Gaussian nose (Boynton et al., 1996; Dale and Buckner, 1997; Dale, 1999) . The hemodynamic response to a particular stimulus type was modeled as a sum of ⌬ functions over a fixed time window phase-locked to the presentation of the stimulus. No response shape for this function was assumed, but it was assumed that the response to a particular stimulus type was the same for every presentation of that stimulus type, and that the overlap of temporally adjacent responses was linear. This signal model was inverted to obtain the average hemodynamic response to each stimulus as if that stimulus were presented in isolation, allowing for the resolution of individual events (Boynton et al., 1996; Dale et al., 1997; Dale, 1999) .
Effects for each condition were estimated using a participant-specific, fixed-effects model. The participant-specific effects from each of these contrasts were entered into a second-level group analysis treating participants as a random effect. Regions were considered reliable if they consisted of at least five contiguous voxels that exceeded a threshold of p Ͻ 0.001 (uncorrected).
Regions of interest (ROI) were defined functionally based on the contrasts of all encoding versus baseline or all retrieval versus baseline. The defined ROIs were therefore unbiased with respect to the contrast of interest (easy vs hard concurrent task; remembered vs forgotten). ROI analyses examined whether there was a reliable condition (e.g., words remembered, words forgotten) by time (0 -14 sec) interaction. Time represented the time course of the signal change; thus, an interaction between condition and time indicated that the signal change differed based on condition during a specific part of the time course (i.e., the interaction indicated that the condition effect was not related to a nonspecific elevated signal change). Planned contrasts also examined whether the peak percentage signal change (across 2 sec time points, compared with the fixation-sound baseline) differed for two conditions (e.g., remembered, forgotten or easy, hard).
We resampled the functional data into standardized space (Spherical, Talairach) to allow averaging of group data. Automatic spherical resampling Fischl et al., 1999 Fischl et al., , 2001 ) examined the effect of condition on cortical activation for the group. Automatic Talairach resampling using the Montreal Neurological Institute atlas (Mazziotta et al., 1995) examined the effect of condition (e.g., hard versus easy encoding) on subcortical activation for the group of participants. All group data were analyzed using random-effects analyses (Friston et al., 1999) . Table 1 shows remember scores and know scores for each of the conditions. All scores were corrected for false alarm rate (percentage of hits Ϫ percentage of false alarms). Repeated-measures ANOVA, calculated either on the raw remember and know scores or on the computed recollection and familiarity scores (Yonelinas et al., 1998) , indicated a significant effect of encoding difficulty (F (1,23) ϭ 6.4; p Ͻ 0.01) and an interaction between memory strength (remember vs know or recollection vs familiarity) and encoding difficulty (F (1,23) 
Results
Behavioral companion study
The results of this behavioral companion study confirmed that the hard auditory task at encoding altered the type of memory trace formed. Items encoded with the hard auditory task were recognized by only a sense of previous encounter (know response) more frequently than items encoded with the easy auditory task. Items encoded with the easy auditory task, in contrast, were recognized based on detailed information about the presentation of the item (remember response) more frequently than were items encoded with the hard auditory task.
fMRI study
Behavioral performance Accuracy. The presence of the hard secondary task at encoding led to poorer memory than did the presence of the easy secondary task (t ϭ 5.1; p Ͻ 0.01). In contrast, the difficulty of the secondary task at retrieval did not affect memory performance ( p Ͼ 0.1). Repeated-measures ANOVA indicated no effect of memory process (encoding, retrieval) (F (1,16) ϭ 0.10; p Ͼ 0.3), a significant effect of task difficulty (F (1,16) ϭ 4.42; p Ͻ 0.01) on memory performance, and a significant task difficulty by memory process interaction (F (1,16) ϭ 5.25; p Ͻ 0.01), indicating that the difficulty manipulation had a greater effect at encoding than at retrieval ( Table 2) . These results are consistent with the findings of numerous behavioral studies (Craik et al., 1996 Naveh-Benjamin et al., 1998; Naveh-Benjamin and Guez, 2000) and are consistent with the performance we found on this task in a behavioral pilot study.
Reaction times for noting sound pattern changes. A comparison of reaction times for the two auditory discrimination conditions indicated that participants were slower to respond to auditory pattern changes when the discrimination was hard than when it was easy (Table 3) (F (1,16) ϭ 733.32; p Ͻ 0.0001). Participants were slower at indicating the sound pattern change (regardless of auditory task difficulty) when it occurred at retrieval than at encoding (F (1,16) ϭ 6.64; p Ͻ 0.01), but there was no interaction between task difficulty and memory process (F (1,16) ϭ 0.91; p Ͼ 0.2), indicating that the increased time to respond to the hard versus the easy auditory pattern changes was similar at encoding and retrieval. These results are also consistent with those of previous behavioral studies, as well as the performance of participants on this task when assessed outside of the scanner.
Reaction times for rating words as abstract/concrete or old/new. Participants' reaction times for rating the words as abstract or concrete were not affected by the difficulty of the auditory discrimination task at encoding, nor were the reaction times for making old or new decisions at retrieval affected by secondary task difficulty (Table 4) . Repeated-measures ANOVA revealed no effect of task difficulty at encoding or at retrieval and no interaction between encoding difficulty and retrieval difficulty.
fMRI results: encoding We first conducted voxel-based statistical analyses, which revealed the voxels of the brain that showed condition-related activity above a threshold of p Ͻ 0.001. These analyses revealed that encoding with either the easy or the hard distractor task (compared with baseline) elicited activation in occipital, parietal, and frontal regions bilaterally, and in the left medial temporal lobe (MTL). Interestingly, the regions recruited were similar regardless of the difficulty of the secondary task: In a direct contrast of encoding with the hard distractor task versus encoding with the easy distractor task, we found no evidence of additional neural circuits that were recruited to coordinate performance of the encoding task with performance of the more difficult auditory task. Even with the threshold dropped to p Ͻ 0.05, the same occipital, parietal, and frontal regions were recruited in both tasks (Tables 5 and 6 ). These results are in contrast to the view that increasing task coordination demands require bringing on-line additional neural resources (D'Esposito et al., 1995) and instead suggest that the demands required for a more difficult task coordination can be met by the same regions active during a less demanding task coordination condition (see also Adcock et al., 2000; Bunge et al., 2001 ).
We then conducted ROI analyses that further examined activation related to task difficulty (within regions active during en- Regions were defined as significant if they included at least five functional voxels at an uncorrected significance of p Ͻ 0.001. Regions were defined as significant if they included at least five functional voxels at an uncorrected significance of p Ͻ 0.001. Regions were defined as significant if they included at least five functional voxels at an uncorrected significance of p Ͻ 0.001.
coding with both tasks). These analyses indicated that the magnitude of responses (maximum signal change) in the left inferior and left superior frontal regions were greater during encoding with the easy compared with the hard auditory task (Table 7 , Fig. 2 ). These results indicate that regions associated with encoding, including a region of the left ventrolateral PFC [Brodmann area (BA) 44; Talairach coordinate: Ϫ48, 19, 25], showed less activation during concurrent performance of the hard task than during concurrent performance of the easy task. These data are in general agreement with the results of previous PET studies of divided attention (Shallice et al., 1994; Fletcher et al., 1995 Fletcher et al., , 1998 Anderson et al., 2000; Iidaka et al., 2000) , and suggest that some encoding processes were not being performed effectively during encoding with the hard auditory task.
To assure that this difference was attributable to differences in the encoding processes rather than to differences in the neural processes recruited for the auditory discrimination task, we conducted a control experiment in which nine participants performed only the auditory discrimination tasks. Voxel-based and ROI analyses indicated no modulation in the PFC or the MTL as a function of the difficulty of the secondary task. The only regions that showed significant modulation ( p Ͻ 0.01, uncorrected) were the anterior cingulate gyrus (BA 31) and primary auditory cortex (BA 41, 42) ; these regions showed greater activation during performance of the hard task than the easy task.
The finding that the PFC reductions in activation were not related solely to the difficulty of the secondary task supports our hypothesis, and that proposed by previous researchers (Shallice et al., 1994; Fletcher et al., 1995; Iidaka et al., 2000) , that the reductions in activation stem from differences in encoding processes performed with the two secondary tasks. What, then, are the neural processes that support successful encoding with the hard task and the easy task?
Functional MRI results: subsequent memory
To address this question, we conducted analyses of subsequent memory (as in Brewer et al., 1998; Fernandez et al., 1999; Wagner et al., 1999; Kirchhoff et al., 2000; Otten and Donchin, 2000; Davachi et al., 2001; Otten and Rugg, 2001) . ROIs defined from the contrast of all encoding trials versus baseline indicated four regions that showed subsequent memory effects (i.e., greater signal change for subsequently remembered items than for subsequently forgotten items): two areas in the PFC [one in the left inferior PFC (BA 45/47) (Fig. 3A) , and one in the right inferior PFC (BA 45) (Fig. 3B) ] and two regions of the MTL [the anterior left hippocampus (Fig. 4 A) and the left inferior middle parahippocampal gyrus (Fig. 4 B) ]. In previous studies, activation in these regions, particularly the left PFC and MTL areas, also predicted subsequent memory Kirchhoff et al., 2000; Otten and Rugg, 2001; Davachi and Wagner, 2002 ; for review, see Paller and Wagner, 2002) .
We then analyzed the activation in these ROIs to examine whether it was related to successful encoding (i.e., subsequent correct recognition) for items encoded with the easy and the hard auditory task, or only for items encoded in one of these conditions. The peak percentage of signal change (relative to baseline) in the left inferior PFC region (BA 45 and 47) predicted successful retrieval only for items encoded with the easy auditory task (Fig.   Figure 2 . Effect of auditory task difficulty on activation at encoding. A region of left ventrolateral PFC (BA 44) showed a smaller peak percentage signal change during encoding with the hard task (2.1) than with the easy task (2.5; p Ͻ 0.001). . MTL activation at encoding relative to retrieval success. Two regions showed activation related to subsequent memory retrieval. The left anterior hippocampus ( A) showed the effect only for items encoded with the easy task, whereas the left parahippocampal gyrus ( B) showed the relationship for items encoded with either task. R, Right; L, left. 3A). Activation in this region did not differ for subsequently remembered versus forgotten items encoded with the hard auditory task. The findings were different for the area in the right inferior PFC (BA 45) (Fig. 3B) . Here, activation predicted subsequent memory for items encoded with the easy task as well as for items encoded with the hard task.
Within the MTL, left anterior hippocampal activation (Fig.  4 A) correlated with subsequent retrieval success only for items encoded with the easy task. In contrast, activation in the left inferior middle parahippocampal gyrus (Fig. 4B ) predicted retrieval success for items encoded with either the easy or the hard task.
The results of the subsequent memory analyses indicated that the locus of signal change at encoding that predicted retrieval success for items encoded with the hard task comprised a subset of the areas in which activation changes predicted retrieval success for items encoded with the easy task. These data, together with the finding from the behavioral study that participants did not encode as much detailed information with the hard task, suggest that the formation of detailed, recollective memories depends on the left inferior PFC and left anterior hippocampus.
fMRI results: effects of encoding condition on regions recruited during successful retrieval If, as the behavioral companion study and subsequent memory analyses suggested, participants formed qualitatively different types of memories for items encoded with the hard compared with the easy auditory task, it is possible that different brain regions were brought on-line during the retrieval of these traces.
Successful retrieval: ROI analyses
To address this issue, we defined ROIs based on the contrast of all retrieval (easy and hard) versus baseline. We then examined which of those regions showed greater activation during correct retrieval compared with incorrect retrieval. Four brain regions met this criterion. One region in the right inferior PFC (BA 44) (Fig. 5A ) showed greater activation during retrieval of words encoded with the hard task compared with retrieval of words encoded with the easy task. This finding, together with the behavioral companion study data showing that memory traces lacking in detail occurred more frequently for items encoded with the hard versus the easy task, implicates the right inferior PFC as a component of the substrate for the sense of knowing or familiarity.
Two regions in the left PFC (BA 45 and BA 9 and 44) (Fig.  5B,C) showed the opposite pattern: greater activation during retrieval of words encoded with the easy task. This result, together with the behavioral result that participants retrieved detailed memories more frequently for items encoded with the easy versus the hard task, identifies left PFC regions as part of the circuit underlying retrieval of detailed, recollective memories.
We also found one region in the left anterior hippocampus that showed greater activation during the retrieval of words encoded with the easy versus the hard task (Fig. 6 ). This finding is consistent with recent literature (Aggleton and Brown, 1999; Eldridge et al., 2000; Brown and Aggleton, 2001; Davachi et al., 2001; Strange et al., 2002) indicating that the hippocampus specifically supports in the retrieval of recollective, but not familiarity-based, memories. Despite recent claims that the parahippocampal gyrus is activated above baseline during retrieval of familiarity-based memories (Davachi et al., 2001; Yonelinas et al., 2001; Strange et al., 2002) , we found no parahippocampal activation during retrieval.
Discussion
The motivation for this study was the finding that although neural activation during encoding was reduced by divided attention (Shallice et al., 1994; Fletcher et al., 1995; Iidaka et al., 2000) , individuals can, nevertheless, learn information when their attention is divided. The event-related design of this study allowed us to assess which brain regions support successful memory for- mation (i.e., successful encoding) when participants performed a hard or an easy secondary task. We also investigated whether the regions recruited for successful retrieval of information differed depending on whether that information had been learned with the hard task (favoring familiarity) or with the easy task (favoring recollection) at encoding.
Before addressing these two questions, we asked whether our divided-attention manipulation, like those used in previous PET studies (Shallice et al., 1994; Fletcher et al., 1995; Anderson et al., 2000; Iidaka et al., 2000) , resulted in reductions in activation in regions implicated in episodic encoding. Consistent with previous PET studies, we found that encoding with the hard versus the easy distractor task reduced the activation in various PFC regions, including a region in the left ventrolateral PFC believed to play a role in maintenance of verbal information (Poldrack et al., 1999) .
Like previous researchers (Shallice et al., 1994; Fletcher et al., 1995; Iidaka et al., 2000) , we interpreted this reduction in activation as reflecting a degradation of encoding processes when participants performed the hard concurrent task. This view is consistent with the behavioral companion study reported here, and with extensive behavioral evidence that divided attention at encoding reduces the probability of successful retrieval (Craik et al., 1996; Naveh-Benjamin et al., 2000a,b) , and in particular, reduces the ability to form rich, recollective memories (Yonelinas, 2001) . It is also possible that encoding items with a hard secondary task reduces the explicit memory traces formed, forcing increased reliance on neural substrates supporting implicit memory formation (Shallice et al., 1994; Fletcher et al., 1995) .
The convergence of our results using a constrained encoding task (i.e., "Decide whether each word is abstract or concrete") with those of previous PET studies using unconstrained encoding tasks (e.g., "Learn these word pairs") and cued recall (e.g., providing the first word of a word pair), suggests that the functional neuroimaging results generalize to a range of intentional encoding tasks. It will be worth examining in future studies whether this effect also generalizes to incidental encoding tasks (i.e., when participants are not aware that a memory task will follow).
What brain regions support successful memory formation?
We then investigated what brain regions supported successful encoding (i.e., encoding of items that participants later recognized correctly) in the hard task and the easy task. Previous research on encoding with full attention showed a relationship between successful encoding and magnitude of activation in the left PFC (Johnson et al., 1997; Wagner et al., 1999) , hippocampus, and parahippocampal gyrus (Brewer et al., 1998; Fernandez et al., 1999; Wagner et al., 1999; Kirchhoff et al., 2000) . Our results converge with these findings: The bilateral inferior PFC (left BA 45/47, right BA 45), the left anterior hippocampus, and the left inferior middle parahippocampal gyrus all showed subsequent memory effects for items encoded with the easy task. Only a subset of these regions (right inferior PFC and left parahippocampal gyrus), however, related to subsequent memory for items encoded with the hard task. The regions that no longer supported successful encoding are regions that appear to be tied to the formation of detailed, recollective memories (Davachi et al., 2001; Strange et al., 2002) , whereas the regions that continued to support successful encoding even with the concurrent hard secondary task are those that have been linked to formation of less detailed memories that evoke a "sense of knowing" or familiarity (Davachi et al., 2001; Strange et al., 2002) . Our fMRI results, therefore, are consistent with the behavioral evidence presented here: Participants are more likely to form detailed memories for items encoded with the easy task than with the hard task.
What brain regions support successful retrieval?
We hypothesized that brain activation at retrieval could differ when retrieving qualitatively different memory traces (i.e., for detailed memories encoded with the easy task vs less detailed memories encoded with the hard task). Consistent with this hypothesis, we found a dissociation between the regions used to retrieve items encoded with the easy and with the hard task. In particular, we found greater activation in left PFC regions (BA 45; BA 9/44) for correctly retrieved items that had been encoded with the easy compared with the hard task, and greater activation in a right PFC (BA 44) region for items that had been encoded with the hard compared with the easy task. These laterality effects are consistent with recent neuroimaging studies suggesting that right-sided regions may be recruited when individuals are asked to make recognition judgments based on familiarity (Henson et al., 1999a (Henson et al., ,b, 2000 Dobbins et al., 2003) , as may occur when memory traces are not detailed and include only familiarity information. In contrast, left-sided regions appear more important for retrieval of memories with rich detail (Johnson et al., 1997; Nolde et al., 1998a,b; Rugg et al., 1999; Ranganath et al., 2000) .
A question has remained about whether these laterality effects represent differences in retrieval orientation (i.e., whether participants are attempting to retrieve or to monitor for detailed information or familiarity information) or differences in retrieval success (i.e., whether the products of the retrieval effort include recollective information or familiarity information). Our data support the interpretation that the laterality effects are based on differences in retrieval success. The retrieval scans intermixed items that had been encoded with the easy and hard tasks; thus, participants did not know the condition under which specific items had been encoded. Therefore, it is difficult to imagine that participants adopted different retrieval strategies for words encoded with the different tasks. It seems more plausible that the observed laterality effects were based on the qualitative nature of the memory trace that was retrieved (i.e., the amount of detail present). In other words, these results suggest that when different types of memory traces are formed at encoding [e.g., recollective vs familiarity-based or explicit vs implicit, as proposed by Fletcher et al. (1995) and Shallice et al. (1994) ], different brain regions may be brought on-line later to allow the successful retrieval of those items.
It is unclear why these laterality effects occur: It is possible that right PFC regions are used during postretrieval monitoring, and thus are more critical for items with weaker traces, where they are closer to the boundary between what a person will accept as old versus assign as new (Henson et al., 2001; Yonelinas, 2002) . Right prefrontal specialization is also found in studies of novelty (Menon et al., 2000) , and a familiarity-based signal may be similar to that required for determining whether an object is novel. The left-sided activation found in the present study could result from semantic processing of the words; however, even studies with nonverbal stimuli have found left-sided prefrontal activation during retrieval of detailed information (Ranganath et al., 2000) .
Conclusion
Using a divided-attention paradigm, we found that participants' memories of words encoded with a easy secondary task were more detailed (recollective) than those encoded with a hard task. A greater proportion of the words encoded with the hard task than the easy task relied on a less detailed sense of knowing or familiarity. fMRI indicated that encoding with the hard task showed less activation in PFC regions associated with episodic memory formation than encoding with the easy task. Only a subset of the brain regions that supported successful encoding with an easy secondary task continued to do so when encoding occurred with a hard secondary task. Activation in the left inferior PFC and the left anterior hippocampus predicted retrieval success only for items encoded with the easy task, whereas activation in the right inferior PFC and left inferior middle parahippocampal region predicted retrieval success for all items. Divided attention at encoding also affected the neural processes recruited for successful retrieval: We found a dissociation between brain regions preferentially used to retrieve items encoded with the easy task (left PFC and left anterior hippocampus) and those encoded with the hard task (right PFC). These results suggest that the brain regions that support successful encoding and successful retrieval vary depending on the detail of the memory trace. Familiarity-based traces lacking in detail may rely on right-sided PFC, whereas recollective traces that are rich in detail may rely more on left-sided PFC and the hippocampus.
